contact, because the number of direct contacts a neuron animals expressing SNB-1::YFP in HSNL. We first asked whether contact between the presynaptic HSNL neuron makes far exceeds the number of synaptic connections.
In order to understand the cellular and molecular and its postsynaptic targets VC and vm2 determines the location of their synapses. The two postsynaptic targets mechanisms that underlie synapse formation in vivo, we studied en passant synapses formed by HSNL near the were eliminated during the L1 stage by killing the M cell, the precursor to all vulval muscles, in lin-39(n709ts) C. elegans vulva. We found that vulval epithelial cells have a guidepost role in the formation of these synmutant animals, in which the VC neurons undergo programmed cell death in the L1 stage (Sulston and Horvitz, apses. In a genetic screen, we identified SYG-1, an immunoglobulin superfamily protein, as a potential HSN 1977; Clark et al., 1993). HSNL axon outgrowth occurs during L2 and L3 stages, and HSNL synapse formation receptor of the guidepost signal. occurs in the L4 stage, so it is likely that HSNL never contacts its normal postsynaptic targets in the ablated Results animals. Surprisingly, in 32 out of 32 ablated animals, the position and intensity of HSNL SNB-1-labeled synaptic Visualization of HSNL En Passant Synapses vesicles were indistinguishable from those of wild-type at the Vulva Region animals (Figures 2A-2D ). This result indicates that the Egg laying in C. elegans is regulated directly by four postsynaptic targets of HSNL are dispensable for the neurons: HSNL, HSNR, VC4, and VC5. All four of these normal pattern of synaptic vesicle clustering. neurons innervate the vm2 vulval muscles, which conIf HSNL synapses are not induced by the postsynaptic tract to open the vulva during egg laying. In the vulval targets, they could be localized by an intrinsic mecharegion, the HSN neurons also form synapses onto the nism that places them at a particular location in HSNL VC neurons (White et al., 1986). The HSN cell bodies or by extrinsic cues. SNB-1 clusters were examined in are situated just posterior to the vulva. Each HSN axon mig-1 mutants, in which the cell body position of HSNL migrates ventrally to the midline to join the ipsilateral is posteriorly displaced due to cell migration defects ventral cord, where it extends to the nerve ring in the (Desai et al., 1988). In mig-1 mutant animals, the SNB-1 head. As they pass the vulva, the HSN axons defascicuclusters were still localized near the vulval opening delate dorsally, branch, and form en passant synapses spite its abnormally long distance from the HSNL cell onto the VC neurons and vm2 muscle ( Figures 1A-1D) .
body ( Figures 2E and 2F , n ϭ 82). This result suggests These synapses contain serotonin and acetylcholine that the location of the synapses is not intrinsically specand mediate egg-laying behavior. HSN neurons also ified by HSNL. To confirm this observation, we examined synapse onto a variety of targets in the nerve ring (White HSNL synapses in dig-1 mutants, in which the cell body et al., 1986). position of HSNL is normal but the vulva, gonad, and Presynaptic vesicles in HSNL were visualized using vulval muscles are anteriorly displaced (Thomas et al., a SNB-1::YFP fusion gene driven by a partial unc-86 1990). In dig-1 animals, SNB-1 clusters were anteriorly promoter (Baumeister et al., 1996). SNB-1 is a synaptic vesicle protein that labels synaptic vesicle clusters in displaced to the vulval opening ( Figures 2G and 2H , C. elegans and other animals (Nonet, 1999). In HSNL, n ϭ 78). These results indicate that extrinsic factors SNB-1::YFP expression in the body was restricted to determine the location of HSNL SNB-1 clusters, probaa short region where the axon contacts vm2 and the bly factors made by the gonad or vulval epithelium. processes of VCs ( Figures 1C-1F ). SNB-1::YFP expresCells in the somatic gonad initiate a cascade of cell sion in HSNL colocalized with a LIN-10::DsRED fusion interactions that patterns the vulval epithelium, directs protein expressed in the VC neurons ( Figures 1C-1F 2N , n ϭ 50). This result indicates that the location of cdh-3 mutants, which lack a vulval cadherin protein (data not shown). vulval epithelium actively defines the location of synaptic vesicle clusters. Moreover, the vulval epithelium appears to be sufficient for this activity: when the gonad A Mutation in syg-1 Disrupts Synaptic Vesicle Clustering was killed in a lin-15 mutant, SNB-1::YFP still clustered at the ectopic pseudovulvae (n ϭ 25).
To understand the mechanisms that lead to the specification of individual synapses, we performed a visual The signal from the epithelium is likely to be a cellassociated or short-range signal, since unc-40 and screen for mutants that affect SNB-1::YFP localization in HSNL. From this screen, we isolated the syg-1(ky652) unc-6 mutants, in which the HSNL fails to contact the vulval epithelial cells due to axon guidance defects mutant. 100% of syg-1 mutants had ectopic anterior HSNL vesicles in a pattern similar to that of lin-3 mutants (Hedgecock et al., 1990), had an abnormal synaptic vesicle pattern similar to that of lin-3 animals (n ϭ 85 for ( Figures 3A, 3B , 3E, and 3F) (n ϭ 120). In 68% of syg-1 mutants, SNB-1::YFP fluorescence was reduced or abunc-40, n ϭ 95 for unc-6). In a small fraction of unc-40 and unc-6 mutants, HSNL axon guidance is normal due sent at the normal synaptic location (n ϭ 120). syg-1(ky652) mutants were viable, fertile, and coordito redundant axon guidance mechanisms. SNB-1::YFP was localized to the vulva in those animals, suggesting nated. The vulval epithelium was examined by differential interference contrast (DIC) microscopy and apthat unc-40 and unc-6 affect SNB-1 localization in HSNL indirectly through their effects on axon guidance. The peared to be normal at several developmental stages A genomic SYG-1 clone with the upstream region and the entire coding region of SYG-1 fused to GFP was expressed in head motorneurons, occasionally in HSN neurons, and weakly in other cells in the vulval region (data not shown). Because expression was weak, variable, and not localized to cell bodies, we could not define the complete group of cells that expressed SYG-1. , 1996) . Highly specific molecules like SYG-1 across the surface of the target region, invasion and may represent the first choice for a correct synapse, arborization in one or more layers, or laminae, and selecbut it appears that a neuron's drive to form a synapse will tion of a specific target neuron. In different regions of eventually override the absence of the correct partner. the nervous system, different processes may be more or less important in determining synaptic specificity.
Experimental Procedures
For example, in highly layered structures like the retina, laminar subtargeting may be the most important step 
